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Abstract

The increasing complex geological and hydrogeological conditions ore deposit mining, deeper excavation
sites, and ambitious business expansion strategies, necessitate the use of high-performance, heavy-duty self-
propelled machinery and winning equipment. Such activities significantly strain mine ventilation systems and
demand innovative safety measures during mining.

This study assesses the influence of interconnected production variables on the aerological safety of mining
operations. It provides real-world data on emissions from diverse sources within mines. The analysis includes
an examination of current methodologies for estimating the air volume needed to dilute exhaust gases from
diesel-powered machinery. Through numerical simulation that accounts for changes over time, the study was
able to predict how exhaust gas concentrations would disperse within mines. These theoretical findings were
then confirmed through empirical observations made in actual mining setting The field studies conducted,
alongside their thorough analysis, underscored the necessity for adopting new, more sophisticated approaches
to calculate airflow requirements in mines operating ICE machinery. A particular methodology developed by
the MMI of the NUST MISIS (hereinafter referred to as the Methodology) was put forward as the primary tool
for this purpose. The Methodology’s precision and benefits were closely scrutinized, revealing its effectiveness
in ensuring aerological safety in mines.
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[IpuBeneHa OlleHKA BIMSHUS B3ayMOCBSI3aHHBIX ITPOM3BOACTBEHHBIX (PAKTOPOB HA a3pOJIOTMUECKYIO 6e30-
MMaCHOCTb pygHMKA. [IpencraBieHbl pakTUUeCKME JaHHBIE 10 ra3aM, IOCTYMAONIMM OT Pa3IMUHbBIX MCTOU-
HMKOB. IIpoBefieH aHa/IN3 MeToma pacueTa HeoOGXOAMMOrO KOJIMYECTBa BO3AyXa MO (aKTOPY BIXIOMHbIE
raspl OU3eIbHOTO 00OpymoBaHusl. IIpoBeleHO UMCIEHHOE MOIeNMpPOBaHMEe IMHAMMYECKUX IIPOIIECCOB
(C U3MeHSIIIIMMMUCSI BO BpeMeHM napaMeTpaMmi), T03BoJIMBIlIee YCTAHOBUTD paclpeiesieHne KOHIleHTpa-
LM BBIXJIOITHBIX ra30B IO TOPHBIM BbIpaboTkam. [locienyolye HaTypHble M3MEPEHUS] TO3BOIUIN Be-
puGUIMPOBaTh OMyYeHHbIE Pe3yAbTaThl MAaTEMATUUECKOTO MOIEIMPOBAHMSI B YCJIOBUSIX TOPHBIX ITPeH-
nipusiTuii. I[IpoBeieHHbIE HATYPHbIE SKCIIEPUMEHTHI U UX aHaIU3 MO3BOJIMIM 000CHOBATh HEOGXOAMMOCTh
BHEeIpeHMs HOBBIX, 60Jiee COBEPIIEHHBIX METOIOB pacyeTa pacxoda Bo3ayxa IJis pyIHMKA, MCIIOIb3YIOIIEro
o6opymoBaHue ¢ IBC. B kauecTBe OCHOBHOIO MEeTOZa pacuera TpeGyeMOro KoJMuecTBa BO3ayxa UCIIOJb-
30Ba/Iach MeTOIMKa, pa3paboranHas B M1 HUTY «MUCHUC» (manee — MeTonuka), 6bIM OLIeHEHBI €e TOU-

HOCTbB ¥ MIPeVIMYIIeCTBa.
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HOpMa BbIGPOCOB, Ta30MHAMIMYECKIE TTPOLIECCHI, YMCTIEHHOE MOJEIVPOBaHNE, IAXTHbIE M3MEPEHNS

Ans yuTupoBaHmsa

Senatorov V.A. Determining airflow requirements in mine workings based on field measurements of actual
emissions from internal combustion engine equipment. Mining Science and Technology (Russia). 2024;9(1):53-59.

https://doi.org/10.17073/2500-0632-2024-01-203

Introduction

Advancements in mining technologies necessi-
tate refined methodologies for estimating ventilation
airflow per unit of diesel power, which emerges as
a principal variable

Previous techniques (e.g.,') failed to consider
numerous determinants influencing the infiltration
of pollutants from diesel vehicles into mine air. It is
noteworthy that self-propelled diesel machinery con-
stitute the primary source of air pollution in many
mines. The prevailing analytical methods exhibited
poor correlation with actual gas concentrations, often
resulting in a substantial overestimation of the neces-
sary fresh air flow.

The accuracy of airflow estimation stands at ap-
proximately 50%, a level of precision that detrimen-
tally impacts mining operations.

To address this issue, evaluations were car-
ried out at a facility managed by Yakovlev Mining
and Processing Plant in 2021?% aiming to assess the
methodologies for analyzing the relationship be-
tween airflow and diesel engine exhaust emissions.

! Federal Industrial Safety Code. Mining and Solid
Minerals Processing Safety. Directive No. 505, Dec. 8, 2020.

Coal Mines Ventilation Design Guidelines. Moscow, Nedra
Publishing, 1975.

Safety of Coal Mine Vehicles: Collected papers. Series 05
Issue 12. Moscow: Industrial Safety Research Center, Russian
National Mining Safety Agency, 2004.

2 Mine Air Flow Estimation Method and Ventilation
Options. Research Report. Supervisor: S. Kobylkin, Doctor of
Science (Engineering), MISIS Univ., 2021.
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The approach developed by the Moscow Mining
Institute® was enhanced through novel measurement
techniques, designed to evaluate exhaust gas dyna-
mics across varying vehicle loads.

The deployment of specialized instruments ena-
bled the precise quantification of actual exhaust vo-
lumes and other relevant gas metrics over time. For
this purpose, an array of specialized mine air analy-
zers was utilized, including APR-2, MBGO-2,
TGO-2MP, APA-1, MRU Delta 2000 CD, Testo 350,
Microsense M?3), with all supplementary measure-
ments adhering to established procedural standards.

The current practice of estimating required air-
flow does not differentiate between ore and coal
mines?*, despite the distinctive patterns of exhaust
gas emissions inherent to each type. Specifically, ore
mines are characterized by significantly more exten-
sive blasting operations [1, 2].

Self-propelled diesel machines and equipment are
the main sources of exhaust and thermal emissions
in mines, as well as technologies that use consoli-
dating backfill [3-5]. The estimation of the requisite
air volume in standard ore mines takes into account
several critical factors: [1, 6, 7]:

— toxic fumes from blasting operations;

- toxic diesel exhausts;

5 Efficient Ventilation for Deep Mines with Diesel-
Powered Equipment. Research Report. Supervisor: Prof.
L. Puchkov, Doctor of Science (Engineering), 1976.

4+ Federal Industrial Safety Code. Mining and Solid
Minerals Processing Safety. Directive No. 505, Dec. 8, 2020.

Coal Mines Ventilation Design Guidelines. Moscow, Nedra
Publishing, 1975.
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- toxic gases emanating from exposed rock and
broken ore;

— dust content;

— heat emission;

— airflow needed for respiration, correlating with
the number of individuals in the mine.

Among these, methods accounting for dust
content and blast fumes are notably advanced, pre-
senting minimal error in calculating needed air
volumes [2, 8, 9]. Conversely, gases from ore and air
for breathing, based on personnel count, are less
impactful.

Operational experience in mines employing
high-performance diesel equipment demonstrates
that diesel exhaust gases are the critical factor in cal-
culating the necessary air volume [5, 10].

Despite the long-standing use of diesel machi-
nery in mining, a universally accepted standard for air
quantity estimation to mitigate diesel exhaust effects
remains elusive. The historical benchmark of a mini-
mum 5 m3/min per horsepower is still in use® [11].

Hence, the primary considerations for deter-
mining the air supply in mines are the toxic fumes
from blasting and emissions from diesel machinery.
Enhancing the precision and optimization of airflow
estimation methods is vital for significantly reducing
ventilation costs in mining operations.

The typical rate of fresh air supply to mines is in
the order of hundreds of cubic meters per second. In-
accuracies in estimating the necessary airflow result
in substantial losses. For instance, while an accep-
table margin of error ranges from 15 to 20%, the ac-
tual volume of air delivered frequently surpasses the
required amount by as much as 50%. Managing such
a vast influx of air, and ensuring its distribution meets
the specific requirements of each ventilated area,
poses significant engineering challenges.

These issues underscore the need for innovative,
modern analysis techniques. A particularly promis-
ing approach is one that adopts a more nuanced con-
sideration of dust and exhaust sources within mines,
especially focusing on the primary emission con-
tributors: blasting operations and diesel-powered
equipment [4, 6, 12].

The proposed method for air volume estimation,
aimed at mitigating diesel exhaust impacts, signi-
ficantly lowers ventilation costs by incorporating
a comprehensive range of factors.

5 Coal Mines Ventilation Design Guidelines. Moscow,
Nedra Publishing, 1975.

Safety of Coal Mine Vehicles: Collected papers. Series 05
Issue 12. Moscow: Industrial Safety Research Center, Russian
National Mining Safety Agency, 2004.
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Materials and Methods

The Yakovlev Mining and Processing Plant ope-
rates a mine with complex ventilation ductwork, fea-
turing numerous parallel and diagonal connections
and requiring extensive air gate control. The mine’s
challenging geology and its location in a densely
populated area add layers of complexity, complica-
ting efforts to maintain optimal mine air conditions
such as temperature, humidity, and safety, especial-
ly considering the diminished oxygen levels and the
presence of toxic fumes from blasting and internal
combustion engines [12, 11].

These factors impact the air’s humidity, tempe-
rature, and absolute pressure.

Experimental air quality assessments in the
mining work areas identified the primary sources of
hazardous gases and dust in underground mines as
follows:

- blasting;

— diesel equipment;

— oxidation;

— mineral extraction production processes.

These activities release toxic substances like car-
bon monoxide, nitrogen oxides, acrolein, and formal-
dehyde, posing risks to human health, including res-
piratory issues [12].

To evaluate the mine's ventilation efficiency, we
compared actual and required airflow rates and ana-
lyzed the composition and volume of internal com-
bustion engine (ICE) exhaust emissions under various
conditions.

Our numerical estimates were cross-verified with
direct field measurements of air properties within
the mine and the mine ventilation system's (MVS)
performance, including regular monitoring of ha-
zardous pollutants in the mine air. The South and
Center Region Paramilitary Mine Rescue Team’s Test
Lab analyzed the exhaust gas’s composition, volume,
temperature, and air quality near the self-propelled
diesel equipment.

In addition to increased levels of harmful gases
and dust in the work area’s air, mines also face harm-
ful physical factors such as heat emissions, origina-
ting from equipment and stowing operation® [9].

The assessment of thermal impacts included ap-
plying thermal imaging principles in mines to analyze
heat emissions from the operation of machinery and
equipment.

¢ Mine Air Flow Estimation Method and Ventilation
Options. Research Report. Supervisor: S. Kobylkin, Doctor of
Science (Engineering), MISIS Univ., 2021.
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The investigation into the underground mine’s
microclimate revealed that fresh air, differing in
temperature from the surrounding rocks and in
gas composition from the outgoing air, flows into
the mine.

Furthermore, exhaust gases, with temperatures
between 40 to 370 °C, additionally heat the mine’s at-
mosphere.

The concentration of toxic gases in the ICE ex-
haust was measured by analyzing both the standard
samples taken regularly and express analyses used to
determine the composition of undiluted exhaust un-
der various loads of the ICE-driven equipment. Both
steady-state and transient engine operations were
studied.

The required amount of air to offset the above
factors was estimated using the actual exhaust emis-
sions of the existing equipment. The actual exhaust
volume was determined as a function of the maxi-
mum fuel consumption and concentrations of all
toxic gases. This volume was then used to calculate
the amount of air required to dilute the toxic gases
to the maximum allowable concentration (MAC) for
each type of equipment.

The engine was started, and its rpm in steady
and transient operations under various loads as the
equipment performed its typical duty was recor-
ded. The measurement results, gas emission rate

elSSN 2500-0632

https://mst.misis.ru/

Senatorov V. A. Determining airflow requirements in mine workings based on field measurements of actual emissions...

vs. time, and exhaust gas temperatures are shown
in Fig. 1.

Based on the actual exhaust measurements,
a method for estimating air consumption in mines
with ICE equipment was developed’.

Estimation of the Amount of Air Required
to Dilute Toxic ICE Exhaust Gases

The volume of fresh air supplied to areas of the
mine where ICE equipment operates, either continu-
ously or intermittently, must be adequate to dilute the
primary toxic components of the exhaust gas (specifi-
cally carbon monoxide and nitrogen dioxide, assessed
in NO, equivalent) to maximum allowable concentra-
tions or to maintain the prescribed oxygen levels. This
volume is calculated as follows:

Q-ICE = kpam Z kduterq 4 m3/57 (1)

where k,,, is the factor for parallel operation of mul-
tiple ICEs at the same location, with k,,, = 1.0, 0.9,
0.85 for the simultaneous operation of 1, 2, 3, or more
engines within the same ventilation system segment;
ka.y is the ICE duty cycle factor, reflecting the propor-
tion of time the vehicle spends at the location relative

7 Mine Air Flow Estimation Method and Ventilation

Options. Research Report. Supervisor: S. Kobylkin, Doctor of
Science (Engineering), MISIS Univ., 2021.

[ppm COJ] [°C Tt] [°CTt] [ppm Te]
90 38 325 180
80 37 / 320 160
70 36 315 140

-
60 35 310 120
50 34 305 100
40 33 300 80
30 32 295 60
20 31 290 40
10 30 285 20
0 29 280 0
t, min

-10 28 275  -20

0:00 0:15 0:30 0:45 1:00 1:15 1:30 1:45 2:00

[min]

Blco INO NO, HHTt [MTe

Fig. 1. Composition and Temperature of Exhaust Gases at Engine Idle:
time-dependent concentrations of carbon monoxide (CO), nitrogen oxide (NO),

and nitrogen dioxide (NO,), ppm; ambient temperature (Tt)
and exhaust gas temperature (Te) over time, °C; t is time, min
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to the entire cycle time, ranging from 0.1 to 1; Q,, is
the volume of air needed to ventilate each ICE, m3/s.
The duty cycle factor is defined as
t
k =
duty tc
where t is the duration of ICE operation at the speci-
fed location, min; ¢, is the equipment cycle time, min.
Air consumption required to neutralize each ex-
haust gas component is calculated as

2)

O — Cout

=~m gou[ b m?)/s
CMAC

3)
where ¢, is the concentration of toxic exhaust com-
ponents (maximum concentration of nitrogen oxides
in NO, equivalent in undiluted engine exhaust), %
vol.; ¢c is the MAC of the component, % vol.; g, is
the flow rate of purified exhaust gas, m?/s.

Ehe quantity of exhaust gases is assessed based
on direct measurements. For self-propelled diesel
machinery used within the mine, the amount of ex-
haust emissions is established from the actual figures
presented in Table 1.

When calculating the required ventilation flow,
emissions from diesel-driven drilling equipment used
in conjunction with other self-propelled diesel vehi-
cles, as well as machinery used for secondary opera-
tions that do not operate continuously for more than
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10 min within an hour or 40 min per shift, are not con-
sidered.

The findings highlighted consistent trends in how
exhaust gases spread throughout the mine’s spaces,
irrespective of the mining technology applied. The
positioning of the exhaust pipe plays a crucial role in
influencing gas movement, with the highest concen-
trations of exhaust gases found in areas close to the
pipe. Dynamic simulations facilitated the analysis of
time-related changes in gas distribution, the visuali-
zation of airflow dynamics, and the assessment of gas
dispersion metrics within the mine.

Research and analysis provided an average over-
view of the time allocated to production tasks and the
rate at which gases are emitted from the main toxic
elements found in exhaust gases.

The highest emission rates are confined to spe-
cific periods within the shift, not spanning the entire
duration. This fact is vital for accurately calculating
the volume of air needed for adequate ventilation.

Such precision enables the determination of the
essential volume of fresh air for the mine when us-
ing ICE equipment, factoring in the actual volume of
harmful emissions as the primary source of pollution.
By analyzing the levels of toxic contaminants, it is
feasible to set a ventilation standard for the use of ICE
machinery, considering the machinery’s power, ope-
rational conditions, and type, specific to each mine.

Table 1
Actual toxic gas concentrations, exhaust gas volumes from load haul dumpers (LHD),
and estimated air quantity for maximum gas emission
Toxic exhaust
Purified Toxic Maximum | Maximum | component | Air con- | Air con- Rated
Engine exhaust | exhaust | allowable | allowable | concentra- | sump- | sump- | specific air
8l gas |component|concentra-| concen- tion nox tionto | tionto | consump-
power, N R . " .
LHD name volume | concentra- | tion ¢,y |tration c,,| (total nitro- | offset |offset Q,,| tion per
8w |tionc,, CO X gen oxides) | Q,, CO . LHD
Cmac NOy
5 /s
kW | h.p. m3/s mg/m3 mg/m3 mg/m3 mg/m3 m3/s m*/s - /111111111; pet
Caterpillar CAT
R1300G 123 | 165 0.077 79.68 20 476 5 0.3 7.3 2.7
SANDVIK LH307 | 160 | 215 0.060 925 20 837 5 2.8 10.0 2.8
Sandvik LH410 235 | 315 0.175 73.81 20 315 5 0.6 11.0 2.1
EPIROC ST1030 | 186 | 249 0.059 48.4 20 412 5 0.1 4.9 1.2
Caterpillar CAT

R1300G 123 | 165 0.077 79.68 20 476 5 0.3 7.3 2.7
SANDVIK LH307 | 160 | 215 0.060 925 20 837 5 2.8 10.0 2.8
Sandvik LH410 235 | 315 0.175 73.81 20 315 5 0.6 11.0 2.1
EPIROC ST1030 | 186 | 249 0.059 48.4 20 412 5 0.1 4.9

Note: the NOx concentration is in the NO, equivalent = 1.53 NO + NO,.
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This standard is not a one-size-fits-all for the mining
sector, as evidenced by international practices [9].

Numerical simulations of how exhaust gases dis-
perse under different ventilation conditions revealed
that an increase in airflow velocity (or flow rate) sig-
nificantly shortens the exhaust gas dilution period.
This enhancement also hastens the evacuation of
gases from the mine.

When ventilating at the maximum allowable
velocity, the concentration of gases is reduced by
3.5 times compared to the concentration observed
when ventilating at the lowest airflow velocities.

Conclusions

Real-world emission data from self-propelled ma-
chinery show that different types of equipment emit
varying levels of gases, and even within the same type
of machinery, the concentration of harmful gases can
differ. Interestingly, more powerful machines do not
necessarily produce more harmful emissions. Addi-
tionally, it has been found through experiments that
an increase in engine revolutions per minute (rpm)
does not invariably lead to higher concentrations of
exhaust gases.
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These findings have informed the setup of initial
and boundary conditions for computational mode-
ling. Dynamic numerical modeling, which accounts
for changes over time, indicates that the concentra-
tion of exhaust gases from ICE machinery tends to
even out throughout the mine over time. The leveling
of gas concentrations occurs approximately 100 me-
ters from the emission source (exhaust pipe). Further-
more, an increase in the velocity of airflow markedly
reduces the time required for the dilution of exhaust
gases, thereby speeding up their removal from the
mine. At the highest allowable airflow velocity, gas
concentrations are diminished by 3.5 times compared
to levels observed when air is circulated at the mini-
mum allowable speed.

When multiple ICE machines are operated si-
multaneously in separate entries of a single mining
block, the combined exhaust gases merge into the
main ventilation passageway of the mine. In sce-
narios where ventilation is conducted sequentially,
there’s a possibility that some exhaust gases might
flow into other active mining areas. This factor needs
to be carefully considered in the design of ventila-
tion schemes.
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